Incomplete observations of matings and uncertainty about which male's sperm is responsible for fertilization have traditionally made paternity difficult to document in field research. Modern genetic methods, combined with field data, now facilitate assigning paternity in many species. I investigated male reproductive success in white-tailed deer (Odocoileus virginanus) by a microsatellite paternity analysis, which revealed that males from all age classes .0.5 years fathered offspring. The oldest males did not monopolize matings; for 12 of 14 males !3 years old who fathered young, the numbers of females mated and young fathered were highly variable (1-7 and 1-9, respectively). Three yearling males that bred mated with 3 yearling females and one 2.5-year-old female, whereas all other male age classes mated with females from any age class. In addition, the 1st cases of frequent multiple paternity in freeranging white-tailed deer were documented. Multiple paternity was found in 22% of twins, with paternity assigned at the 95% confidence level. Males that jointly sired twins appeared at least a year apart in age (maximum age difference, 3 years). It is proposed that older males displaced younger males tending estrous females.
For polygynous male mammals that provide minimal or no parental care, reproductive success is limited by the number of successful matings they acquire (Trivers 1972) . Access to and mating with females is often costly, and competition for mates can result in exaggerated sexual dimorphism and dramatic male combat and display (Andersson 1994) . One way animals minimize the risks associated with fighting is by judging contesting ability. Dominance hierarchies are a potential result. Even if dominant males gain primary access to estrous females, these males still need to ensure that their effort translates into fathering young (Alexander and Borgia 1979) . Owing to their relative uncertainty of paternity compared with females' certainty of maternity, male mammals have evolved strategies for ensuring paternity by monopolizing estrous females (Emlen and Oring 1977) . Males can maintain territories from which they exclude other males (elephant seals, Mirounga angustirostris-LeBoeuf 1974), they can herd groups of females into harems (red deer, Cervus elaphus-Clutton- Brock et al. 1982 ), or they can follow an estrous female closely, keeping other males away (grey kangaroos, Macropus giganteus-Jarman and Southwell 1986). Independent of mating strategy, most polygynous males typically are not considered choosy regarding with which females they mate (Andersson 1994) ; rather, males maximize their reproduction by mating with as many females as possible (Trivers 1972) .
The difficulty of observing matings, coupled with the uncertainty of which male's sperm ultimately fertilizes the eggs, traditionally made paternity difficult to document reliably in field studies. Modern paternity analyses, combined with field data, are enhancing our understanding of mating systems and paternity for a diverse range of mammals: 9-banded armadillos (Dasypus novemcinctus- Prodohl et al. 1998) , Soay rams (Ovis aries- Coltman et al. 1999) , harbor seals (Phoca vitulina- Coltman et al. 1998) , greater horseshoe bats (Rhinolophus ferrumequinum- Rossiter et al. 2000) , common brushtail possums (Trichosurus vulpecula- Taylor et al. 2000) , and reindeer (Rangifer tarandus- Røed et al. 2002) . Genetic techniques also reveal multiple paternity where previously it was impossible to know offspring-sire relationships solely on the basis of observed matings. In the wild, multiple paternity in mammals was 1st documented for small, promiscuous species that produce litters (Birdsall and Nash 1973; Hanken and Sherman 1981) and has been more recently documented in carnivores (listed in Engh et al. 2002) . Although some ungulate females have been observed to mate with multiple males, the preponderance of single young produced by most ungulates precluded the discovery of multiply sired offspring in a large herbivore. (While this paper was in press, Carling et al. [2003] reported multiple paternity in pronghorn antelope [Antilocapra americana].) White-tailed deer (Odocoileus virginianus), however, regularly produce twin offspring, and the recent finding of multiple paternity in a breeding pen situation (DeYoung et al. 2002) showed that multiple paternity was physiologically possible, although its frequency in free-ranging deer remained undetermined.
The prevalence of white-tailed deer as a game species, and the consequent difficulty in finding populations not heavily influenced by humans, has limited researchers' ability to address broad evolutionary questions for deer (Miller and Ozoga 1997) . Heavy hunting alters deer behavior by selectively removing mature males, resulting in heavily female-biased populations with only young (,3 years) males. These skewed sex ratios can cause an extension of the breeding season when males are not available to breed with females during their 1st or 2nd estrous cycle. Female white-tailed deer often 1st reproduce as yearlings, although with abundant resources, fawns also conceive young (McCullough 1979) . Female fawns do not ovulate, however, when they weigh ,36 kg (Verme and Ullrey 1984) . In the northern United States, breeding typically takes place from late September to late November, with male deer challenging each other and forming dominance hierarchies prior to the rut. When only young males are available for mating, no clear dominance hierarchy is established, and most available males take part in mating (Ozoga and Verme 1985) . In populations with more natural age and sex structures, older, dominant white-tailed deer males attempt to monopolize estrous females during the breeding season by forming tending bonds-actively defending access to females, attempting to sequester females away from other deer, and remaining with females after copulation (Hirth 1977; Marchinton and Hirth 1984) . The evolution of tending behavior suggests that the 1st male to mate with an estrous female is not guaranteed paternity; males must remain and prevent other males from mating with the female (Sherman 1989) . A male's success in excluding other males correlates with his dominance rank relative to the intruding males. Older, larger (both in body mass and antler size) males are dominant to younger, smaller males (Townsend and Bailey 1981) . These older, dominant males are most successful in tending females and have been presumed to sire the most offspring from multiple females (Marchinton and Hirth 1984; McCullough 1979) . Hirth (1977) reported 4 instances of tending males being pushed off by larger males, 1 after mating with the female. Hirth's report is the only published behavioral account documenting female whitetailed deer mating with multiple males. Here, I report paternity results from analysis of DNA microsatellite markers and field data for a population of white-tailed deer not open to hunting.
MATERIALS AND METHODS
All research was approved by The University of Michigan's University Committee on Use and Care of Animals and followed guidelines of the American Society of Mammalogists (http:// www.mammalogy.org/committees/index.asp).
Study area and population regulation.-The white-tailed deer studied lived on the University of Michigan's Edwin S. George Reserve (ESGR), an enclosed 5.13-km 2 property in southeast Michigan. The ESGR comprises primarily oak-hickory hardwood forests, low-productivity fields in midsuccession, and swampland. The deer were free to roam the entire property and were not fed supplementally. The herd was subject to predation by resident coyotes (Canis latrans), but wolves (C. lupus) and cougars (Felis concolor), historically the major predators in presettlement times, are no longer present in southern Michigan. Annual winter harvests of deer (conducted after the breeding season by ESGR employees and wildlife removal specialists) controls population density by targeting a set number of unmarked animals regardless of sex or age (generally with the exception of fawns). My research was conducted from June 1997 to June 2001 and included 4 winter harvests. All harvested animals had tissue samples taken and jaws extracted for aging (see ''Capture and Aging'' below). Females were dissected to determine embryo number and sex, and conception dates were calculated from measurements of embryo forehead-rump length (Armstrong 1950; Short 1970 ). The winter 2000-2001 harvest took place in early March and targeted every animal possible, with the intent to drastically reduce the population (103 animals were culled). The winter preceding the March 2001 cull was the only year appreciable winter mortality was observed (1 m of snow covered the ground from mid-December to late February). Extensive walking surveys were conducted over the entire property to locate carcasses (20 animals).
Capture and aging.-Field assistants and I captured 15 males and 35 females during the study by tranquilizer darting (Sorin 2002 ) and marked them with numbered color-coded tags. Most animals were darted in winter, when they quickly came to small, temporary bait piles placed to attract animals for darting. On the basis of tooth wear, darted animals were assigned to age classes fawn, yearling, 2.5 years, or !3.5 years (Sauer 1984; Severinghaus 1949) . These animals were later considered to be of known age and were the foundation for later age-based analyses. For example, an animal darted in 1997 and assigned an age of 1.5 years had a known age of 4.5 years in 2000. Likewise, an animal assigned to the !3.5-years age class in 1997 had a known age of !5.5 years in 1999. All but 4 captured animals (1 male and 3 females) were later harvested, but not all harvested animals had been previously captured. For harvested deer !3.5 years, assigning ages to animals by tooth wear is being met with increased skepticism (reviewed in Gee et al. 2002) . Problems with tooth-wear aging include poor agreement between different researchers, variation in individual animals, and differences in habitats and diet. Certain factors about the ESGR, however, minimized potential aging problems. All harvested and winter mortality jaws were collected at approximately the same time of the year (winter months-the reason ages are designated in half-years), deer on the ESGR experienced the same habitat and food sources, and the same 2 researchers studied and aged all the specimens. An assistant and I independently aged all ''unknown'' jaws by comparisons with animals of known age, both from within the current study population and from specimens in the collections of the University of Michigan Mammal Division from previous ESGR studies (catalog numbers 96490, 96494-96502). Due to lingering concerns with tooth-wear aging, however, I provide the results for both known age and combined known and tooth-wear age.
Population reconstruction.-Population structure was reconstructed from a combination of known and tooth-wear ages for 209 jaws from harvested and winter mortality animals and from the 4 captured, neverharvested deer. Ages and sexes were used to reconstruct minimum known population sizes, age classes, and sex ratios for each year. The 1999 ESGR population structure was compared with available data on the 1999 age structure of wild Michigan deer. Mean sex ratio for ESGR was also compared with data available for 1994 and 1995 sex ratios of Michigan deer.
DNA extraction and microsatellite analysis.-Tissue samples from harvested (including embryos), captured, and winter-killed animals were frozen immediately at À208C. DNA extraction followed Qiagen DNEasy spin-column protocols (Qiagen Inc., Valencia, California), and 12 microsatellite loci previously screened in other ungulates (Cervidae 1, Cervidae 2, SR-CRSP-10, OarFCB193, BM42, BM4107, BM4208, BM152, RT20, RT23, RT24, RT2- Bhebhe et al. 1994; Buchanan and Crawford 1993; DeWoody et al. 1995; Talbot et al. 1996; Wilson et al. 1997) were amplified with fluorescently labeled primers by polymerase chain reaction. Products were electrophoresed on 6% polyacrylamide gels and visualized with a Hitachi FMBIOII gel scanner (Hitachi Software Engineering Company, Ltd., Tokyo, Japan). A laboratory colleague and I independently scored and recorded genotypes, and I tested the complete data set for Hardy-Weinberg equilibrium and linkage disequilibrium in the program GENEPOP 3.1c (Raymond and Rousset 1995) .
Paternity assignment.-Paternity was assigned by CERVUS 2.0 software (Marshall et al. 1998 ), a program that incorporates error rates (mistyping of alleles, mistakes in data entry, or mutation) and unsampled individuals to calculate likelihood ratios for paternity assignment among candidate males. The number of possible fathers was determined from extensive observations, ESGR surveys, and counts of harvested animals. Although exact population size was unknown, estimates from .850 h of observations and field surveys, combined with harvest data, suggested that ,40 males were older than 1.5 years during any breeding season (Sorin 2002) ; of these, no fewer than 30 (75%) were genotyped. To be conservative, a high estimate of the number of possible fathers (110 individuals), with only 62% genotyped, was used in the analysis. Initial analysis by CERVUS revealed 3 of 12 loci with potential null alleles (BM4208, C2, and RT20). To eliminate the possibility of mismatches due to null alleles, the analysis was repeated with all homozygotes at these 3 loci removed and left blank (read as not typed at that locus). A minimum of 9 loci typed was required for each individual. The analysis included 117 embryos representing 37 single fawns, 37 sets of twins, and 2 sets of triplets. An error rate of 0.01 was assumed, confidence intervals were placed at the 80% and 95% levels, and simulations were performed for 10,000 cycles. Only paternities assigned at 95% were considered reliable and used in further analyses.
Statistical tests.-Statistical analyses by SAS 8.2 software for Windows (SAS Institute Inc., Cary, North Carolina) were run with the significance level set at P , 0.05. Negative binomial regression (Allison 1999 ) was used to compare male age with number of females mated, and Poisson regression (Allison 1999 ) compared male ages with numbers of young fathered (controlling for numbers of females mated).
RESULTS
Demography.-Herd reconstruction gave known minimum annual herd sizes of between 112 and 142 animals (Table 1) , which represented approximately 80% of the total population (Sorin 2002) . On the basis of tooth-wear assignments and known-age animals for the last 2 years of the study, the ESGR herd was determined to have contained males and females !5.5 years of age in every breeding season (Sorin 2002) . For all years, more than half the herd was .1.5 years old. For the 2000 data set, 28 of the 34 males older than 0.5 years old were of known age (16 yearlings, 4 aged 2.5 years, four 4.5 years, one 5.5 years, and three !6.5 years). The ages of the remaining 6 males were assigned by tooth wear (1 aged 3.5 years, two 4.5 years, and three 5.5 years).
When compared with aged, hunter-harvested deer from southeast Michigan (Cook 2001) , the 1999 ESGR herd was significantly older (evaluated by percentage of the population, not including fawns, that was !3 years old) for both females (43.9% compared with 64.5%) and males (10.5% compared with 63.9%). The ESGR also had a more even sex ratio ( X X ¼ 1:1.75 M : F; Table 1 ) compared with deer in northern Michigan (1:3.9, 1:4.7 in 1994 , respectively-Sitar 1996 .
Additionally, neither maternal age nor paternal age was significantly related to fawn conception dates on the basis of fetal crown-rump measurements (maternal analysis of variance
Genotyping.-None of the 12 loci genotyped deviated significantly from Hardy-Weinberg equilibrium (initial a-level ¼ 0.004, with sequential Bonferroni correction for multiple tests; Table 2 ). Expected heterozygosity values compared with observed heterozygosity values also did not differ significantly (v 2 ¼ 0.0076, d.f. ¼ 11, P ¼ 1.0). Allelic richness ranged from 5 to 14 alleles per locus ( X X ¼ 9.4; Table 2 ). Six of 66 pairwise combinations of loci were significant for linkage disequilibrium (loci RT27 and BM4208, RT24 and BM4107, RT24 and RT20, Oar193 and RT20, RT20 and BM42, and RT27 and C2, P , 0.05, following sequential Bonferroni correction for multiple tests). Two loci (RT20 and BM4208) involved in 4 of these pairs were identified by CERVUS as having possible null alleles (see ''Paternity assignment'' above). All loci were kept for paternity analysis due to their allelic richness, and although linkage might alter assignment confidence, this degree of possible linkage would not affect paternity assignment.
Paternity.-Paternity analysis for all years combined had an error rate of 0.012 for mismatches between maternal and offspring alleles, validating the 0.01 error rate used in simulations. The overall paternal exclusion probability with mothers known was 0.99996 (Table 2) . Out of 117 embryos, 94 were assigned paternity at the 95% confidence level. Eighty- four of these 94 embryos had 0 mismatches (alleles that could not be paternally inherited) between assigned males and offspring, and the remaining 10 embryos had a single mismatch with assigned males (the next best male ranged from 2 to 5 mismatches).
Over the 4 years of the study, paternity was assigned to males in all age categories .0.5 years. Because of the limited number of females harvested in 1997-1999, only the embryo data set from 2000 was analyzed for population paternity assignment and for individual male reproductive success. Sixty-seven young (from 47 females) from the 2000 data set had paternity assigned at 95% confidence to 17 different males. The young represent 20 sets of twins, 22 single offspring, and 5 half-sets of twins (to which only 1 of the twin embryos was assigned paternity at the 95% level).
For the 17 males assigned paternity, 11 were of known age (3 aged 1.5 years, two 2.5 years, three 4.5 years, one 5.5 years, and three !6.5 years; Table 3 ). The remaining 6 males were aged by tooth wear (see ''Demography'' above). Three of 16 yearlings, 2 of four 2.5-year-olds, and 12 of 14 males aged !3.5 years were assigned paternity (Fig. 1) . Male age was significantly correlated with the number of different females with which a male produced offspring (negative binomial regression P , 0.0001; Table 3 ). Male age was also correlated with number of young a male fathered (adjusted for the number of females mated with, Poisson regression P , 0.0005; Table  3 ). However, when 1.5-year-old males were removed, these correlations were no longer significant.
The 3 yearling males who mated did so with three 1.5-and one 2.5-year-old females ( X X ¼ 1.75 years). All other age classes of males mated with females from a range of age classes (2.5-year-old males, female X X ¼ 5.8 years; 3.5-year-old males, female X X ¼ 3.1 years; 4.5 year-old-males, female X X ¼ 3.7 years; 5.5-year-old males, female X X ¼ 3.9 years; !6.5-year-old males, female X X ¼ 4.3 years).
Multiple paternity.-For the complete data set, 27 of 37 sets of twins had paternity assigned for both young at the 95% level. In 6 of the 27 sets, 2 males were assigned paternity. In all 6 sets, tooth-wear estimates assigned males different ages (in 3 sets, exact male ages were known: 2.5 and !5.5 years old, 4.5 and !5.5 years old, and 5.5 and !6.5 years old). The elder male was always from the oldest age classes of males in the study (5.5-7.5 years old), whereas the younger male ranged from adolescent to mature adult (2.5-5.5 years old).
DISCUSSION
As expected for a population closed to hunting, the ESGR deer herd contained older animals and had a less female-biased sex ratio than most hunted populations. Consequently, despite being contained within an area of 5.13 km 2 , age distribution and sex ratio of the ESGR deer more closely resemble a historically natural deer population than the heavily hunted, agricultural crop-feeding deer populations living in the wild in Michigan. Michigan hunter checkpoints revealed, even with likely hunter bias toward larger (older) animals, that 89.5% of male deer harvested were ,3 years old (Cook 2001) . As a result, mating in wild Michigan deer is done predominantly by the only males available, yearlings and 2.5-year-olds. On the ESGR, however, with 41.2% of adult males .3 years old in the 2000 breeding season, only 3 of 16 yearlings and 2 of four 2.5-year-olds fathered offspring (Fig. 1) . In contrast, 12 out of 14 males !3 years old successfully fathered young. The presence of males from a range of age classes did not result in a strict breeding hierarchy, however, with older males fathering the majority of offspring. When yearling males were removed from the analysis, results for older males having mated with more females or fathered more offspring were not significant. Once males reached the age of 3 years, almost all males reproduced, but reproductive success was highly variable. Only two !3.5-year-old males were not assigned paternity at 95% confidence, and those males assigned paternity mated with 1-7 females and fathered 1-9 young (Table 3) . Although these !3.5-year-old males were responsible for fathering the majority of offspring, the very oldest males did not monopolize all the estrous females. Because male white-tailed deer can tend individual females for as long as 24 hours and because all females ovulate within weeks of each other, the oldest males appear incapable of finding, defending, and mating with all receptive females. This situation indicates that when single-mate defense is the dominant male strategy and females have synchronized estrus, limited numbers of males are unable to monopolize the majority of females. These findings demonstrate that, contrary to previous thought, reproductive success of male white-tailed deer is unlike other polygynous species, in which a few dominant males monopolize access to estrous females. Unlike a recent paternity analysis and field study for reindeer that demonstrated male reproductive success was highly skewed for a few dominant individuals (Røed et al. 2002) , white-tailed deer mating appears more similar to the findings from a recent study on wood bison (Bison bison athabascae) that showed variable male reproductive success distributed across a range of age classes (Wilson et al. 2002) .
Finding that 3 of 16 yearling males succeeded in reproducing, despite potential competition, was unexpected in a population containing older, dominant males. Although the limited sample size (n ¼ 3) requires further investigation, yearling male mating can initially be understood by the additional finding that, unlike all other age classes of males, the 3 yearlings mated almost exclusively with yearling females. This finding was not an artifact of the time yearling females entered estrus or when older males most actively bred, as no significant relationship was found between times young were conceived during the breeding season and parental age. These yearling males, presumably unable to compete successfully against older, more dominant males, might have gained mating opportunities by maintaining close associations with yearling females. Yearling groups (unlike other deer social groups) are the only groups that regularly include both sexes (Marchinton and Hirth 1984) . Yearling male mating might also be enhanced by older males concentrating their efforts on older females. When males can only secure a limited number of matings and females exhibit reliable cues regarding their reproductive potential, males would be expected to be more selective (Berger 1989; CluttonBrock 1988) . In this herd (Sorin 2002) and in other white-tailed deer populations (McCullough 1979; Verme 1985) , adult females produced a higher proportion of twins than did yearling females. Finally, experienced females might not tolerate advances by young males (Clutton-Brock et al.
1982)
, further contributing to yearling males having success only with yearling females.
Several hypotheses could explain multiple paternity in white-tailed deer. When another male challenges a tending male, a 3rd male might sneak in and mate with the female. Or a male might mate with an estrous female and fail to tend her, allowing another male to mate. Neither of these hypotheses is consistent with behavior observed for male white-tailed deer: males pay strict attention to the females they are tending; extended fighting is minimal during the breeding seasontending males might turn and threaten or chase other approaching males, but they then quickly return their attention to the female; sneaking by subordinate males has not been documented; and males remain with females after mating with them, leaving when a female is apparently no longer receptive (Hirth 1977; Marchinton and Hirth 1984) .
Given available observational data on deer behavior, the best explanation for multiple paternity might be a displacement hypothesis. A younger, smaller male initiates tending a female and mates with her. Subsequently, an older, dominant male replaces the younger male. The older male then also mates with the female and remains with her until the end of her receptive period. In this manner, multiple males could copulate with 1 female, each potentially fathering offspring. Although future genetic or field studies might provide new insight into FIG. 1.-Number of breeding white-tailed deer males in each age class from the 2000 ESGR population (paternity assigned at 95% confidence level). Twenty-eight males were of known age, and 6 were aged by tooth wear. Males !3.5 years old are grouped at far right.
white-tailed deer mating systems, this hypothesis is currently supported by all accounts of behavior observed in male whitetailed deer: males tend females for the duration of estrus and keep other males away (Marchinton and Hirth 1984) ; older, larger males are dominant to younger, smaller males (Townsend and Bailey 1981); and tending males can be displaced from the female by older, larger males (Hirth 1977) .
Whether females with single offspring mated with multiple males obviously cannot be determined from genetic evidence, nor can the possibility that females mated with more than 2 males be assessed. However, for females whose young had paternity assigned at the 95% confidence level, 21 females had single offspring, 27 had twins, and different males fathered 6 of the 27 sets of twins. These figures indicate that, at a minimum, 12.5% of births involved females mating with multiple males, revealing the 1st case of common multiple paternity in freeranging white-tailed deer.
